A hemagglutination inhibition (HAI) assay to assess serum antibody responses following Norwalk virus (NV) infection was developed. HAI activity increased significantly in individuals experimentally infected with NV (n ‫؍‬ 18) and correlated with antibody levels measured in a histo-blood group antigen (HBGA) blocking assay. Prechallenge HAI antibody levels also correlated with protection from the development of gastroenteritis (Mann-Whitney test, P ‫؍‬ 0.02). The HAI assay is another assay suitable for the detection of antibody that correlates with protection from Norwalk virus-associated disease.
N oroviruses (NoVs) are major etiological agents of acute gastroenteritis in humans (15) . NoVs are classified into genogroups and further subdivided into genotypes based upon the amino acid sequences of their major capsid protein (4) . Norwalk virus, the prototypical and most well-characterized human NoV, is a genogroup I, genotype 1 (GI.1) strain.
Histo-blood group antigens (HBGAs) are glycans that are expressed on the surface of epithelium, found in secretions, and present on the surface of erythrocytes (5) . NoVs bind HBGAs in vitro, and HBGAs have been identified as attachment factors necessary to establish infection (7, 8, 11, 13) . Human challenge studies demonstrated that only individuals who have a functional fucosyltransferase 2 (FUT2) enzyme, and consequently express certain HBGAs on their mucosae or in secretions, are susceptible to infection with Norwalk virus (8, 11) . HBGA binding can vary among different norovirus genotypes (6), but similar dependence on the need for a functional fucosyl transferase gene has been described for other NoV genotypes (16, 17) .
Serum antibody that blocks binding of norovirus virus-like particles (VLPs) to HBGAs is the first known correlate of protection from gastroenteritis following experimental infection of persons with Norwalk virus (2, 14) . The performance of the HBGA blocking assay is affected by temperature, pH, and the quality, quantity, and availability of the purified HBGAs utilized (12, 14) . These technical challenges led us to consider the need for a simpler assay to measure the ability of serum antibody to block the virus-HBGA interaction.
Human erythrocytes are a natural source of HBGA ligands (5). NoVs and VLPs have hemagglutination activity via binding of HBGAs, and hemagglutination inhibition (HAI) activity has been shown to increase significantly following experimental challenge or vaccination of human subjects (3, 7) . Therefore, we hypothesized that the HAI assay could be used as an alternative to the HBGA blocking assay to quantitate blocking antibodies in serum.
Serum samples collected during human experimental infection studies with Norwalk virus, the prototypical human NoV, were utilized for this work. All participants provided written informed consent, and the study was performed as described previously (1, 10, 14) . Sera were collected prechallenge (day 0 [d0]) and over a 6-month follow-up period. Evidence of infection was defined as a Ն4-fold increase in virus-specific antibody titer between d0 and d28 by enzyme-linked immunosorbent assay (ELISA) or direct detection of viral antigen or RNA in the stool (by either ELISA or reverse transcription-PCR [RT-PCR], respectively). Norwalk virus-infected persons experiencing the following signs and symptoms were considered to have viral gastroenteritis: one episode of vomiting plus one other symptom (abdominal cramps, nausea, bloating, watery stool, headache, or a fever of Ͼ37.6°C) or moderate diarrhea (watery feces of at least 200 g) for any continuous 24-hour period (1, 10, 14) .
Norwalk virus VLPs were produced using a baculovirus expression system, as described elsewhere (9, 14) . Human type O erythrocytes were collected from healthy adult volunteers in Alsever buffer, washed twice with Dulbecco's phosphate-buffered saline (PBS) without Ca 2ϩ and Mg 2ϩ (Invitrogen), and pelleted via centrifugation at 4°C for 10 min at 500 ϫ g. Type O human erythrocytes have previously been demonstrated to hemagglutinate Norwalk virus VLPs (3, 7) . Serum samples were pretreated to inactivate nonspecific hemagglutination-inhibiting agents by heating at 56°C for 30 min. Heat-treated sera were then combined in a 1:5 ratio with a 25% (wt/vol) preparation of kaolin (Sigma) and incubated with continuous mixing at room temperature for 30 min to selectively bind and remove any remaining lipid-based nonspecific hemagglutination-inhibiting elements. The treated serum was recovered by centrifugation for 10 min at 10,000 ϫ g and aspiration of the supernatant. The recovered serum was allowed to adsorb to test erythrocytes three times, each for 1 h at 4°C, followed by pelleting of the erythrocytes by centrifugation at 500 ϫ g for 10 min, to eliminate nonspecific hemagglutination activity.
Treated serum was serially 2-fold diluted on 96-well V-bottomed microtiter plates from a starting concentration of 1:10 in PBS with 0.85% saline, pH 5.5. It was incubated for 30 min at room temperature with four hemagglutination units, or ϳ20 ng, of Norwalk virus VLPs per reaction, as determined by a hemagglutination assay and confirmed by back-titration on each microtiter plate used for the experiment. Each sample was then combined with an equal volume of 0.5% type O human erythrocytes prepared using 0.85% saline, pH 6.2, and incubated for 2 h at 4°C. The HAI titer was defined as the reciprocal of the highest dilution of serum that completely inhibited hemagglutination by the viral antigen. Geometric mean titers (GMTs) were also calculated for each time point to summarize the overall kinetics of volunteer seroresponses in the study population. Of 34 enrolled volunteers, 5 were randomized to receive placebo and 29 were challenged with one of three different doses of the same challenge pool of Norwalk virus (4,800, 48, or 4.8 RT-PCR units). Of those who received Norwalk virus, 18 became infected, and 12 of these patients experienced gastroenteritis. The majority of the 16 uninfected individuals had a reason to resist infection, including receipt of placebo, a nonfunctional fucosyltransferase 2, or blood group B or AB (14) . The serum HAI antibody responses were compared to anti-Norwalk virus antibody responses measured by ELISA and the blocking assay (14) . All persons who demonstrated a Ն4-fold rise in anti-Norwalk virus ELISA titer between d0 and d28 also demonstrated a 4-fold rise in HAI titer (Table 1) . Conversely, no one who was uninfected demonstrated a 4-fold rise in HAI titer, HBGA blocking titer, or ELISA titer (n ϭ 16).
Regardless of clinical outcome, the GMT of serum HAI activity from persons infected with Norwalk virus (n ϭ 18) peaked at 28 days following challenge, following a similar curve to that observed with the HBGA blocking antibody levels (Fig. 1A) (14) . By 28 days postchallenge, 100% of infected volunteers had an HAI titer of at least 40. In comparison, volunteers who did not become infected following challenge (n ϭ 16) did not demonstrate any rise in HAI titer at any time point. The HAI titer was significantly correlated (Stata IC10; StataCorp, College Station, TX) with HBGA blocking titer at the baseline (Pearson's r ϭ 0.75 [P Ͻ 0.0001]) (Fig. 1B) and at d28 postchallenge (Pearson's r ϭ 0.94 [P Ͻ 0.0001]) (data not shown). Among infected volunteers, those who did not develop viral gastroenteritis postchallenge had a significantly higher HAI titer at baseline than those who did (Mann-Whitney U test, P ϭ 0.02). These data suggest that an HAI titer of 40 may represent a threshold for protective immune response with regard to clinical outcome in susceptible, infected individuals (Fig. 1C) . HAI antibody decreased to Յ50% of the peak HAI titer by d180. However, the d180 HAI titer remained above 40 in the majority (17 of 18) of infected individuals. Larger trials will be needed to confirm the reliability of this cutoff.
Vaccination has been proposed as an approach for preventing norovirus infection, and vaccine candidates are undergoing clinical trials (2, 3, 4) . Tools for evaluating and defining protective immune responses are critical for the development and assessment of vaccines and diagnostics. The serum HAI assay can measure immune responses after vaccination (3) and is an alternative serological correlate of protection that is easier to perform than the HBGA blocking assay.
